Purpose: To evaluate the implications of differences between contours drawn manually and contours generated automatically by deformable image registration for four-dimensional (4D) treatment planning. Methods and Materials: In 12 lung cancer patients intensity-modulated radiotherapy (IMRT) planning was performed for both manual contours and automatically generated (''auto'') contours in mid and peak expiration of 4D computed tomography scans, with the manual contours in peak inspiration serving as the reference for the displacement vector fields. Manual and auto plans were analyzed with respect to their coverage of the manual contours, which were assumed to represent the anatomically correct volumes. Results: Auto contours were on average larger than manual contours by up to 9%. Objective scores, D 2% and D 98% of the planning target volume, homogeneity and conformity indices, and coverage of normal tissue structures (lungs, heart, esophagus, spinal cord) at defined dose levels were not significantly different between plans (p = 0.22-0.94). Differences were statistically insignificant for the generalized equivalent uniform dose of the planning target volume (p = 0.19-0.94) and normal tissue complication probabilities for lung and esophagus (p = 0.13-0.47). Dosimetric differences >2% or >1 Gy were more frequent in patients with auto/manual volume differences $10% (p = 0.04).
INTRODUCTION
Imaging accounting for respiration-induced intrafractional motion, in particular four-dimensional computed tomography (4D CT), is becoming widely used for thoracic and abdominal radiotherapy (1) . Use of 4D CT is valuable for determining tumor and normal tissue motion and deformation (2, 3) , for safety margin definition in motion-encompassing treatment methods (4) , and for planning respiratory-gated radiotherapy and 4D tumor tracking (5) .
To take advantage of the full information contained in 4D CT images for the planning of respiration-synchronized treatment techniques requires three-demensional structure delineation on the image sets of all respiratory phases. This increase in the contouring work load exceeds available time resources of qualified personnel. Each phase of a 4D CT scan requires approximately 1.5 to 3 h or even longer, depending on the slice thickness, number of contoured structures, and tumor size. Automation of structure delineation is therefore required to make planning based on 4D CT information a workable process.
Several deformable image registration algorithms for use in CT images are available today; some of them have been applied to 4D CT data or to 4D CT image generation (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) .
In the present study, large diffeomorphic image registration was used to automatically generate structures for all respiratory phases of 4D CTs. Large diffeomorphic image registration has been developed to automatically produce structures in the presence of nonrigid tissue motion (19) (20) (21) . Deformable image registration assumes that each point in one CT image corresponds to a point in a CT image acquired at a different time or respiration phase.
In an analysis by Pevsner et al. (22) , this method was applied to predict tumor and lung deformation in the thorax in respiration-correlated CT data sets. The comparison of model-predicted and observer-drawn structures showed that the accuracy of automatically mapped structures was comparable to observer variability. The authors concluded that the automated image matching method had the potential to predict and quantify lung tumor motion in CT.
In our own analysis (23) , in addition to tumor volumes, manually drawn and automatically generated normal tissue structures were analyzed volumetrically. Good agreement was observed, particularly for tumor volumes. Although volumes and surfaces of defined manual and auto structures might not differ significantly and variations might be similar to the contouring variability of different observers, differences do exist. Pevsner et al. (22) found that for gross tumor volumes (GTVs), surface discrepancies between observerdrawn and automatically generated contours were >5.1 mm in 10% of evaluated surface points.
A more comprehensive evaluation than the geometric analysis of individual structures is therefore necessary before clinical use. Treatment planning appears to be an appropriate method to test all relevant aspects of auto contours including volume, shape and position also relative to other structures in a clinical setting. Treatment planning based on auto contours and comparison to planning based on manual contours enables one to determine clinical reliability and to establish confidence in the clinical use.
The aims of the current study were to analyze the dosimetric effect of auto contours for treatment planning in the thorax and to compare results to planning based on manual contours in 4D CTs.
METHODS AND MATERIALS
This study is based on 4D CTs of 12 consecutive patients with lung cancer. Tumor stages ranged from T1N0 to T3N2 and T4N0, Fig. 1 . Flowchart of contouring, planning and analysis procedures performed in this study. IMRT = intensity-modulated radiotherapy; 4D CT = four-dimensional computed tomography.
with positive lymph nodes in 6 patients. Two patients had tumors located in the periphery of the lower lobes; one was located centrally in the lower lobes, one was in the periphery in the upper lobes, and eight tumors were in the central upper lobes of the lungs. The mean GTV volume was 49.0 cm 3 (range, 2.9-317.7 cm 3 ). The average maximal center of mass motion during respiration for these tumors was 0.7 cm (range, 0.1-2.4 cm). Institutional review board approval and patient consent were obtained for all patients involved.
4D CT acquisition
All patients underwent respiration-correlated 4D CTs that were acquired on a 16-slice CT scanner in cine mode with a 2.5-mm slice thickness (GE Healthcare Technologies, Waukesha, WI). The CT images were provided by the M. D. Anderson Cancer Center in Houston, TX. Respiratory motion was detected using a respiration-monitoring system (RPM, Varian Medical Systems, Palo Alto, CA). All images were retrospectively binned into 10 respiration-correlated phases (T0-T9) of equal length, with T0 representing peak inspiration and T5 representing the position in the middle between two adjacent T0 phases, which was usually in end expiration.
Manual contouring
For manual contouring a commercially available planning system (Pinnacle, versions 6.2 and 7.7, Philips Medical Systems, Milpitas, CA) was used. Contouring was performed by 4 experienced medical personnel according to a detailed contouring protocol. The following structures were contoured for all phases and all patients: GTV, lungs, heart, spinal cord, and esophagus. GTV, heart, and esophagus were segmented completely by hand. Lung contours were created using Pinnacle software for auto contouring and edited manually to follow the visible lung borders. The spinal cord contour (not the spinal canal) was produced by placing a circularly shaped contour with a patient-dependent diameter to cover the spinal cord on each slice. This diameter remained the same for all slices and all phases in the image sets of the respective patient. Analysis of the manual contours has been described by Weiss et al. (3) .
Auto contouring
In this study the large deformation diffeomorphic image registration algorithm, as developed at the University of North Carolina, was used for deformable image registration and auto contour production. More detailed descriptions of this algorithm have previously been published (19) (20) (21) .
To map all points of one respiratory phase to the corresponding points in the other respiratory phases, in a first step the transformation accounting for variations of position and shape of structures during respiration was identified. The displacement vector fields from one respiratory phase to another were calculated in several iterations from coarser voxel scales to finer scales until convergence was reached. The displacement vector field for each patient in this study was based on the manual contours of the CT images in Phase T0 (peak inspiration).
In a second step, the transformation from the deformable image registrations was applied to the manual contours defined in Phase T0. This resulted in the automatic generation of contours on subsequent respiratory phases of the 4D CT set.
Quantification of the geometric difference between manually defined structures and those automatically determined using the deformable image registration was performed for all six structures (23) . The current work focuses on the dosimetric impact of the geometric differences.
Planning
Based on the manually contoured (''manual'') and automatically generated (''auto'') GTVs of the individual phases, manual and auto Abbreviations: auto = automatically generated; CS = objective score; manual = manually drawn; MU = monitor unit; SD = standard deviation. Fig. 2 . Examples for manual and auto contours for Phases T2 and T5 in a patient with a large tumor in the lower parts of the right lung. Manual contours are represented by lines; corresponding auto contours are in colorwash. Contours for gross tumor volume (red line, purple colorwash), lungs (orange), heart (blue), esophagus (green), and cord (yellow) are shown.
clinical target volumes (CTVs) and planning target volumes (PTVs) of the respective phases were created by adding an isotropic 8-mm margin to the GTVs to generate CTVs and by adding another 8-mm margin to the CTVs to produce PTVs. Although for patient treatment (depending on tumor motion and the respiration management system) anisotropic safety margins often are chosen, in this plan comparison study uniform margins were used for simplicity.
Manual and auto spinal cord and esophagus contours were expanded by 5 mm each to obtain the respective manual and auto planning organ-at-risk volumes (PRVs). The total lung volume was defined as the sum of the right and left lung minus the GTV volume. A structure called skin-PTV containing the whole thorax volume except the PTV was created, which was used to limit the high dose-volumes outside the PTV during planning.
For treatment planning based on both the manual and auto contours, two representative respiratory phases (Phases 2 and 5) were selected. Phase 2 is an intermediate respiratory phase between inspiration and expiration and is potentially affected by hysteresis. Phase 5 has the largest motion trajectory in the majority of patients and therefore is assumed to be at the highest risk for discrepancies between manual and auto contours.
Intensity-modulated radiotherapy (IMRT) planning was performed with the Pinnacle treatment planning system (version 7.9) using a collapsed cone convolution implementation of the superposition/convolution algorithm with inhomogeneity correction and direct machine parameter optimization (DMPO). In general, six 6-MV coplanar nonopposed photon beams were chosen with angles depending on the tumor location. The isocenters were defined as the centroids of the manual and auto GTVs for the respective plans. Although beam angles remained the same for the plans based on both the manual and auto contour sets of a given patient, beam weights and positions of the multileaf collimators varied as a consequence of plan optimization.
The total dose was 74 Gy in 37 fractions to the manual and auto PTVs. The objective of inverse planning was to deliver the prescribed dose to at least 95% of the PTV with a dose range not exceeding À10% and +20% of the prescribed dose (24, 25) . Plan optimization used the same constraints for both the manual and the auto plans. The following constraints were applied in this study: the lung volume receiving 20 Gy or more (V 20Gy ) was not to exceed 30%, and the heart volume receiving 40 Gy or more (V 40Gy ) should not exceed 50%. A dose of 55 Gy or more (V 55Gy ) should be limited to 30% of the esophagus PRV, and the maximal dose (D 1% ) at the spinal cord PRV should not exceed 45 Gy. The dose in the thorax outside the PTV (D 1% ) should be limited to 80 Gy.
At present manual contours are the standard in structure delineation. They are assumed to represent the actual anatomy. Therefore, although dose in plans created for auto contours (''auto plans'') was optimized using objectives based on the automatically generated contours, auto plans were evaluated for their coverage of the original manual contours. Auto plans were compared with the plans based on manual contours (''manual plans''), which served as a benchmark. Figure 1 illustrates the contouring, planning, and evaluation procedures performed in this study.
Analysis
The criteria analyzed are described below. Overall plan quality. This study is based on the assumption that both the manual and auto plans provide optimal plans for the respective manual or auto contour set with regard to planning objectives and dose constraints. To determine overall plan quality, the objective composite score (CS) was calculated and compared for both plans. The CS as a single metric is an appropriate tool for plan quality comparison that takes into account the actually achieved dose distribution for PTV and for organs at risk after plan optimization, relative to the initially given constraints. The CS is the weighted Abbreviations: GTV= gross tumor volume; PRV = planning organ-at-risk volume; PTV = planning target volume; SD = standard deviation; other abbreviations as in Table 1 . Abbreviations: GTV = gross tumor volume; PRV = planning organ-at-risk volume; PTV = planning target volume; SD = standard deviation; other abbreviations as in Table 1 . sum of the plan subscores for individual anatomic structures. A plan subscore is a measure for the deviation from the specified dose, dose-volume, or dose-response objective for that structure. The greater the deviation, the greater the plan subscore for that structure. Monitor units for both plans were compared as a factor contributing to cost-benefit aspects.
Comparison of manual and auto contour volumes. Volumes of all GTVs, PTVs, and normal tissue structures (lungs-GTV, heart, esophagus PRV, and cord PRV) were compared for both respiratory phases and for both manual and auto contouring, including an analysis of absolute volumes and differences between manual and auto contours.
Dose-volume histogram analysis. For both the manual and the auto contour plans, dose-volume histrograms (DVHs) were analyzed for the dose and volume coverage of the manual contours. Dose to the manual PTV was analyzed comparing PTV D 2% (minimal dose in 2% of the PTV volume), D 98% , and D 50% . Results were related to phase, tumor location, and tumor size. In addition a dose homogeneity index (HI = D 5% /D 95% ) and a dose conformity index were calculated. The conformity index (CI) was defined as follows: CI = CF (cover factor) Â SF (spill factor), where the CF was defined as the percentage of the PTV volume receiving at least 74 Gy and the SF as the volume of the PTV receiving at least 74 Gy relative to the total 74-Gy volume (also see Radiation Therapy and Oncology Group [RTOG] protocol 98-03). The closer the HIs and CIs were to the value 1, the better were dose homogeneity and conformity. DVHs for normal tissue were compared for different dose and volume parameters, among them the parameters used as constraints for plan optimization (lungs-GTV V 20Gy , lungs-GTV D 50% , heart V 40Gy , heart D 50% , esophagus PRV V 55Gy , cord PRV D 1% , thorax-PTV D 1% ). As an arbitrary measure for clinically relevant differences, volume variations >2% for specified parameters and differences of the spinal cord D 1% value >1 Gy were investigated.
Comparison of biologic outcome parameters. Values for generalized equivalent uniform dose and normal tissue complication probabilities (NTCP) were calculated with the Pinnacle program using the DVHs for manual contours for both plans. Normal tissue complication probabilities (NTCPs) were calculated for the lung using the Lyman model (26) with a median toxic dose (TD 50 ) of 30.8 Gy, a steepness m of 0.37, and a volume component n of 0.99 (27) . To calculate the NTCP values for the esophagus, a TD50 of 47 Gy, a steepness m of 0.36, and an n value of 0.69 were used (28) .
Cause and dosimetric effect of larger manual and auto volume differences. To assess the dosimetric effect of larger manual and auto volume differences, an analysis of individual structures with volume differences $10% was performed, with the intention to identify the cause for the observed volume differences and to evaluate the dosimetric consequences for the structure itself and, in case of the PTV, for normal tissue.
Statistical analysis
Data were analyzed with a random-effects analysis of variance. The independent variables in this analysis were method of contouring (manual vs. auto contours), breathing position (mid inhalation vs. exhalation), and their interaction. To account for the subjectto-subject variability, a random intercept statement was included. To investigate the significance of volume differences on dosimetric outcomes, Fisher's exact test was used. A p value <0.05 was considered significant.
RESULTS

Overall plan quality
The mean objective score CS was not significantly different between manual and auto contours for both phases (p = 0.22-0.78; Table 1 ). The CS values were slightly worse for Phase T5 than for T2, which can be attributed to smaller lung volumes during expiration. Average values of monitor units did not vary significantly between manual and auto plans (p = 0.28-0.62). Comparison of manual and auto contour volumes Figure 2 shows examples for manual and auto contours for GTV and normal tissue structures in T2 and T5 in 1 patient. Volumes of GTVs, PTVs, and normal tissue both for manual and auto contours are shown in Tables 2 and 3 . In Phases T2 and T5, auto contours were on average larger than manual contours by up to 9%. Differences in the magnitude of volumes were significant for lungs-GTV (p < 0.0001).
DVH analysis
For the PTV, on average, no significant differences in all evaluated parameters were observed (p = 0.58-0.79, Tables  4 and 5 ). In Phases T2 and T5, D 50% differed by >1 Gy, but by <2.5 Gy in 2 patients in Phase T2 (small peripheral and small central tumor) and 1 patient in Phase T5 (large peripheral tumor). Variations in the minimal dose values to the PTV D 98% were, as expected, >2 Gy in 5 patients each in Phases T2 and T5. In 2 patients differences in D 98% up to 25 Gy were observed. These differences were not related to any location-or size-specific tumor characteristics.
Differences were not significantly different for all analyzed normal tissue parameters (p = 0.41-0.94, Tables 6  and 7) . Average values were slightly worse for auto compared with manual plans, with the exception of esophagus PRV V 55Gy in T2 and T5, cord PRV D 1% in T2, and lungs-GTV D 50% in T5. Dosimetric differences >2% or >1 Gy were found for 13 normal tissue structures as follows: in 2 patients for lung V 20Gy (1 patient in T2 and 1 in T5), 2 patients for esophagus PRV V 55Gy (1 patient in T2 and 1 in T5), 2 patients for heart V 40Gy in T2, and 7 patients for cord PRV D 1% (4 patients in T2 and 3 patients in T5). In addition dose differences >1 Gy were observed for the D 1% of thorax-PTV in Phases T2 and T5 for 6 patients each. A plan comparison for a large central tumor is shown in Fig. 3 .
Comparison of biologic outcome parameters
Generalized equivalent uniform dose values were higher for T2 and T5 for manual compared with auto plans (p = 0.19-0.94, Tables 8 and 9 ). The estimated complication risk was slightly lower with manual plans for lung in T2 and T5 and for esophagus in T2 (p = 0.13-0.47).
Cause and dosimetric effect of larger manual and auto volume differences
In individual patients, volume differences $10% were observed for the ratio of auto/manual volumes. The Appendix shows the individual data for these patients, including the dosimetric effect of these volume differences. Four patients had volume differences $10% in the PTVs: 2 patients with small peripheral tumors and 2 patients with central tumors. Differences in PTV volumes $10% resulted in dose differences of up to 3 Gy at the PTV D 98% level. The impact of PTV volume Abbreviations: D = minimum dose in respective percentage of volume; GTV = gross tumor volume; PRV = planning organ-at-risk volume; PTV = planning target volume; SD = standard deviation; V = volume receiving the specified dose or greater; other abbreviations as in Table 1 . Abbreviations: D = minimum dose in respective percentage of volume; GTV = gross tumor volume; SD = standard deviation; PRV = planning organ-at-risk volume; PTV = planning target volume; V = volume receiving the specified dose or greater; other abbreviations as in Table 1. differences on normal tissue dose is difficult to judge, because in 2 patients with PTV volume differences $10% larger normal tissue volume differences were also observed, which per se could result in dosimetric changes. In Patient 12, however, PTV volume differences potentially resulted in an increase in lungs-GTV V 20Gy of 3%. Differences in the lungs-GTV volumes of this patient were 2.6%. Dose variations in normal tissue structures with volume differences $10% were <2% and <1 Gy at specified tolerance dose levels, with four exceptions (see Appendix in online version of article). The odds of having dosimetric differences >1 Gy or >2% when having volume differences $10% is approximately four times higher than when having volume differences <10% (p = 0.04).
DISCUSSION
In the present study no statistically significant differences were observed for any investigated dosimetric parameters in Phases T2 and T5. This indicates that the applied deformable image registration algorithm produces in general reliable auto contours both in the peak expiration phase, which is potentially most affected by errors in the displacement vector field, and an intermediate phase, where hysteresis might influence the accuracy of auto contours.
The analysis of individual patients showed differences in auto/manual volumes $10% in the majority of patients both for PTV and normal tissue. Volume differences $10% were observed both in patients with tumors in the central, peripheral, and upper lobes as well as the lower lobes. In none of these patients did the use of auto contours lead to changes in normal tissue doses that exceeded the given tolerance levels. The effect of volume differences on dose was mostly <2% or <1 Gy and was therefore assumed to be tolerable from the clinical view. PTV volume differences $10% were noticed in 2 patients with small peripheral tumors of the lower lobes for both Phases T2 and T5, in addition to 2 patients with central tumors in Phase T5. The observed volume differences between manual and auto contours in these 4 patients translated into D 98% differences of >2 Gy in 2 patients in Phase T2. The D 98% value represents the minimal dose in the PTV volume and is therefore the parameter that is affected most by a sharp dose gradient in IMRT planning and by changes in the PTV location relative to the external coordinate system. The observed differences in D 98% of the PTV as well as potential increases of normal tissue dose beyond the tolerance require clinical supervision of the auto contouring process. Depending on individual findings manual intervention might be required.
Small peripheral tumors are particularly prone to imaging artifacts in 4D CT scans, as respiration irregularities in areas with high respiration-related motion (such as the inferior and peripheral parts of the lungs) lead to binning errors and inaccurate tumor visualization, resulting in over-or underestimation of the actual anatomical volume (3) . In this study the maximal respiration-related tumor motion in the 9 patients with volume differences $10% was higher than the average tumor motion in the 3 patients without large volume differences (8.0 vs. 5.7 cm, not significant). Although for manual contours there are no established ways to correct for imaging artifacts during contouring, using deformable image registration a reduction of binning errors and a smoothing effect in auto contours were observed, which level out extremes in volume variations that are physiologically not plausible. Deformable image registration therefore has the potential to lead to anatomically more consistent volumes in all breathing phases in the presence of artifacts induced by irregular motion (12, 23) .
Although auto contours were clinically plausible in the vast majority of cases in this study, differences to manual contours were observed in the presence of manual contouring errors, i.e., when manual contours did not encompass the same anatomical structures in the CT sets of all respiration phases (23) . Contouring errors occurred mostly during heart contouring, where the inferior vena cava was included inconsistently in the heart contour of the different respiration phases.
Most differences between auto and manual contours were found in the superior-inferior direction that is also affected most by respiration-induced changes of organ length. Particularly for the inferior end of the esophagus at the gastroesophageal junction, auto contours often interpolated between the manual reference structure in T0 and the manual structure of the respective Phase T2 or T5, resulting in structures that were longer for the auto than for the manual contour.
The ratio of auto and manual contour volumes might vary with the choice of the reference phase for calculation of the displacement vector field (DVF). In inspiration the largest structures in the thorax (i.e., the lungs) have their maximal volume, whereas other structures do not change at all with respiration. If inspiration is chosen as the reference phase, DVFs have to account for different amounts of volume changes during expiration and might, in an averaging effect, either overestimate volumes that are unaffected by respiration or underestimate the amount of volume changes in the presence of particularly large changes such as the inferior part of the esophagus. In Patients 1 and 6 (Appendix), motion of the inferior border of the lungs differed from inferior esophagus motion by 10 mm. In addition phase shifts for the maximal organ motion of lungs and esophagus were observed that might influence DVFs and result in discrepancies between auto and manual contours. Another reason for the observed variations between manual and auto contours might be that deformable registration image similarity is balanced with constraints on deformation. If the weighting of the image similarity were higher, perhaps there would have been better agreement for the esophagus; however this would also affect the similarity of the other structures in the study.
The automatic generation of structures for the radiotherapy planning process, particularly for respiration-correlated Abbreviations: gEUD = generalized equivalent uniform dose; NTCP = normal tissue complication probability; SD = standard deviation; other abbreviations as in Table 1 . Abbreviations: gEUD = generalized equivalent uniform dose; NTCP = normal tissue complication probability; SD = standard deviation; other abbreviations as in Table 1. imaging has increasingly been investigated. In contrast to the use of deformable image registration in adaptive radiotherapy settings where imaging is repeated to modify radiotherapy according to fraction-specific variations, deformable image registration in 4D CTs is less subject to variations. Technical imaging parameters as well as patient positioning are identical during the 4D image acquisition process, with the major uncertainty being respiration motion and intrafraction changes in positioning.
For image registration of 4D CTs, registration accuracies between 2 and 3 mm have been described using B-spline registration (10, 12) . In a comparison of manual and auto contours in lung tumor patients using the same algorithm as that used in the present study, Pevsner et al. (22) measured a mean difference of 2.1 mm between the GTV surfaces created by DIR and by manual contouring. In our own study a mean difference in manual and auto GTV surfaces of approximately 1.3 mm was observed for expiration (23) .
Although manual contouring has long been accepted as the gold standard to define organ and tumor volumes, several interobserver delineation studies have shown wide variations, particularly in lung cancer, which might exceed potential inaccuracies of automatically generated contours (29-32).
Pevsner et al. (22) found comparable results for the mean difference between auto and manual contours (2.9 mm) compared with interobserver discrepancies in manual contour delineation (2.8 mm).
Considering the documented accuracy of DIR algorithms and the dosimetric results from the present study, the applied DIR algorithm appears to be useful for supervised clinical applications in 4D contouring and radiotherapy planning using respiration management (33) . Currently one minimization with multiscale iterations at different coarseness levels requires approximately 12 to 15 min of computer time per phase. This results in a huge reduction in contouring time, saving hours of physicians' and dosimetrists' time resources. The registration process could in principle be fully automated, with computations beginning as soon as the 4D CT scan is obtained and could be ready for use 2 h after the scan, during which time the manual contouring on the reference phase could be performed.
Before this method is routinely used, a reduction of imaging artifacts appears to be necessary, to improve the reliability of manual structure delineation and to reduce propagation of systematic auto contouring errors that are induced by suboptimal manual contours in the reference phase for DIR.
APPENDIX
Dosimetric effect for differences between automatically generated (auto) and manually drawn (manual) contours $10%, including potential causes for volume differences from imaging and deformable image registration 
